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ABSTRACT: We present an inter-laboratory 
comparison of the performance and plasma plume 
measurements of the 200W Quad Confinement 
Thruster (QCT-200) between the Surrey Space 
Centre (SSC) electric propulsion laboratory and the 
ESA Propulsion Laboratory (EPL) at ESA-ESTEC. 
The test campaign involves thrust balance 
measurements of the QCT-200 device over a range 
of operating conditions, and plasma plume 
measurements using Faraday probes. A matching 
set of test conditions following a common test 
procedure is conducted in both facilities and the 
results critically compared. 
 
1. INTRODUCTION 
 
The non-standardized approach used for 
characterizing the thrust of electric propulsion 
devices, and the wide variety of thrust measuring 
instruments used for this purpose, gives cause for 
concern regarding the consistency of 
measurements reported in literature. Compounding 
the problem, the known issue of vacuum chamber 
facility effects on electric thrusters means that 
measurements reported in two different facilities 
could deviate even for the same device 
characterized using a common thrust balance. In 
order to corroborate the reported performance of 
new electric propulsion technologies, there is a 
clear benefit to cross-comparing the performance 
using a common device and a standardized 
measurement procedure. 
 
This paper reports the performance for the 200 Watt 
Quad Confinement Thruster (QCT-200) measured 
using pendulum type thrust balances in three 
different facilities: the Surrey Space Centre large 
and small vacuum chambers, and the CORONA 
vacuum chamber located at the ESA Propulsion 
Laboratory (EPL) in ESTEC. The tests conducted in 
each facility follow a common test procedure and 
cover the same operating envelope (power levels 
and propellant flow rates). Particular focus is given 
to the background pressure effect, having the three 
facilities different dimensions and pumping 
capacities. 
  
The Quad Confinement Thruster [1,2,3] is an 
innovative DC plasma propulsion device able to 
steer the thrust vector through a distortion of the 
magnetic field. The schematic of the thruster is 
shown in Fig. 1. 
 
 
Figure 1. QCT-200 thruster assembly. 
 
The thruster presents a square channel with the 
anode located at its closed end. Propellant enters 
the channel around the periphery of the anode plate 
and ionization is driven by electron-neutral 
collisions. An external hollow cathode neutralizer 
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(HCN) provides primary electrons for ionization and 
neutralizes the ejected ion beam. 
 
Figure 2. QCT magnetic field configuration. 
 
The magnetic field is characterized by four cusps 
located at the channel walls, generated by 
electromagnets (Fig. 2). The magnetic field 
constitutes a barrier to electron migration, 
enhancing electron resident time and triggering ion 
acceleration through a potential gradient. The 
magnetic field topology can be manipulated by 
supplying different combinations of current values to 
the electromagnets: this allows for a non-symmetric 
off-axis acceleration of the ion trajectories resulting 
in a vectored thrust force produced by the device. 
The QCTs used in this study operate in the 200 W 
range and are a flight model (FM001) and a flight 
standard unit (FM003) industrialized and built by 
Surrey Satellite Technology Ltd (SSTL) [3]. 
 
 
2. SSC TEST CAMPAIGN 
 
2.1 Test Facility 
 
Two different test beds are setup at SSC in order to 
measure the performance of two identical QCT flight 
units under different ground facility conditions, as 
summarized in the table below. 
 
Thruster 
unit 
Test Facility Background pressure 
for operating mass 
flow range 
FM001 Daedalus 1e-4 Torr 
FM003 Pegasus 8e-4 – 1.5e-3 Torr 
Table 1. Thrusters and facilities used during SSC 
test campaign. 
 
Pegasus presents a diameter of 1.2 m and a length 
of 1.2 m. The pumping system comprises a 
cryogenic pump with a capacity of 1800 l/s, giving a 
chamber base pressure of 2e-6 Torr.  The pressure 
is monitored through a hot filament ionization 
gauge. A flow control system made of two MKS 
mass flow controllers supplies the propellant flow to 
the cathode and to the anode. For the typical mass 
flows range used for this thruster, chamber pressure 
measurements occur within the 1-2e-3 Torr interval. 
Daedalus presents a diameter of 1.5 m and a length 
of 2.5 m. The pumping system includes a cryogenic 
pump and a turobomolecular one in parallel with an 
overall pumping capacity of 12000 l/s. Background 
pressure is 5e-7 Torr without flow injection and 
within the range 9e-5 – 2e-4 Torr during thruster 
operation. Mass flow is regulated through two 
Bronkhorst mass flow controllers. 
Propellant is xenon, supplied to cathode and anode, 
for all the tests carried out during this study. 
Each chamber is equipped with a thrust balance, 
calibration system, mass flow control system and 
thruster power units allowing tests to be run in 
parallel. 
 
2.2 Thrust balance 
 
SSC thrust stands present a pendulum 
configuration in which the thrust generated by the 
propulsion system induces a displacement of the 
supporting element through the bending of flexural 
elements. 
The displacement of the pendulum is measured by 
Micro-Epsilon model ILD 1700-2 laser sensors, with 
a linearity of ±0.1% Full Scale Output and a 
resolution of 0.1μm. 
 
 
Figure 3. Pendulum thrust balance schematic. 
The calibration is performed through a calibration 
mass which is moved horizontally through a pulley 
system. A change of the horizontal position of the 
calibration mass modifies the value of the acting 
force. A rotational stage, connected to the pulley 
system, allows to perform automatic calibrations 
with multiple points (i.e. force values) throughout the 
thrust range of interest or quick calibration checks 
acquiring just a single point. The calibration is 
performed in vacuum with the thruster mounted on 
the thrust balance in order to include the stiffness of 
the cables and pipelines into the equivalent stiffness 
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of the system. The calibration procedure involves 
the application of multiple calibration force values 
within the target thrust range (Fig. 4). The 
calibration factor is then computed through a linear 
interpolation of the force values versus the balance 
displacement measured by the laser sensor (Fig. 5). 
The uncertainty on the applied calibration force 
originates from the uncertainties on the values of 
the mass and geometrical dimensions. A Monte 
Carlo method is used in order to compute the 
uncertainty of the resulting calibration factor. 
Several processes influence the measurement and 
its uncertainty: thermal effects, uncertainty of the 
calibration factor, background pressure effect, high 
voltage, gas line pressure, thruster misalignment. 
Specific procedures are defined to establish their 
effect, to implement correction models or to assess 
their contribution to the overall uncertainty.  
 
 
Figure 4. Example of displacement generated by 
different applied forces during a calibration process. 
Black and red lines show raw and filtered data, 
respectively.
 
Figure 5. Example of linear interpolation for 
computing the calibration factor. Uncertainty of the 
resulting calibration factor is calculated through a 
Monte Carlo method. 
Measurements are performed applying an on/off 
logic. The thruster is switched off during the 
acquisition and the thrust is calculated from the step 
change of the balance output. The balance output 
plateaus before and after the switching off of the 
thruster are interpolated through a linear function; 
this assumption is valid as long as the acquisition 
time is short relative to the thermal drift time scale.  
The estimated overall uncertainty is 15%, resulting 
from the combination of the uncertainty on the 
calibration factor and that due to the determination 
of the displacement step value during the thruster 
on/off transition. 
 
2.3 Faraday Probe 
 
The Faraday probe is used in Pegasus setup for 
measuring FM003 ion current density. The probe is 
a nude planar type with guard ring [4]. Both the 
collector and the guard ring are polarized at the 
same negative voltage below the facility ground to 
repel electrons and collect ions. During these tests 
negative polarization is 20 V. The guard ring limits 
possible fringe effects creating a uniform sheath 
throughout the collecting area. The collector 
consists of a flat 11.5 mm diameter aluminum 
surface. The outer aluminum guard ring presents an 
external diameter of 14.5 mm and an inner diameter 
of 12.7 mm.  The gap width (0.6 mm) is designed to 
be about 10 times the Debye length for typical 
plasma parameters in the thruster far-field plume. 
The calculation is based on an electron temperature 
of 2 eV and a plasma density of 2.5∙1016 m-3.   
 
 
Figure 6. SSC Faraday probe. 
2.4 Thruster performance measurement 
 
The test matrix for FM003 includes multiple scans 
in terms of mass flow rate, anode power and applied 
magnetic field. Tests on FM001 involve a reduced 
set of operational conditions with multiple 
acquisitions for repeatability verification. In the 
description hereafter we use the following labelling 
for operating mass flow rates: 
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Label Anode flow 
(sccm – Xe) 
Cathode flow 
(sccm – Xe) 
flow mode 2 4 2 
flow mode 3 6 3 
flow mode 4 8 4 
Table 2. Anode and cathode mass flow rates used 
during QCT characterization. 
 
As expected, different background pressure 
conditions in the two chambers strongly affect the 
operational mode of the two thruster units as shown 
in Fig. 7: higher pressure gives higher current and 
lower voltage for the same power level, operating 
mass flow rates and magnetic field. 
 
 
 
Figure 7. Operating voltage and current for the two 
QCT units tested in two chambers at SSC. The 
background pressure has a fundamental role in 
determining the operating point. For the injected 
mass flows, Daedalus chamber works in the 1e-4 
Torr range, Pegasus in the 1e-3 range. 
Fig. 8 reports thrust as a function of anode power of 
the two devices tested at different background 
pressures. The general trend shows an increase of 
thrust for increasing anode power.  
For lower operating mass flow rates (flow mode 2), 
thrust measurements in the two different facilities 
present agreement within the uncertainty bracket. In 
the case of higher flow rates (flow mode 3) the gap 
between measured performances of the two QCT 
units becomes significant with FM003 (Pegasus – 
1e-3 Torr) performance below that one of FM001 
(Daedalus - 1e-4 Torr). This behavior is due to the 
different operational modes induced by the different 
background pressure, whose influence becomes 
stronger at higher mass flows. Indeed, power is 
dumped in ionization and excitation of the 
background gas rather than ionization and 
acceleration of the main propellant flow. The effect 
of this wasted power is stronger than the benefit of 
mass entrainment which usually (but not always) 
gives higher performance at higher pressure [5].  
Specific impulse follows an increasing trend for 
increasing anode power as well (Fig. 9). For the 
operating flow mode 2, the total specific impulse at 
the nominal power level (200 W) is 450 s for FM001 
and 400 s for FM003. For a given power level 
specific impulse decreases with increasing mass 
flow rates in both cases (not shown). 
 
 
Figure 8. Thrust as function of anode power for the 
two QCT units tested in the two chambers at SSC 
at different background pressures. 
 
 
Figure 9. Total specific impulse as function of anode 
power for the two QCT units tested in the two 
chambers at SSC at different background 
pressures.  
A magnetic field scan is performed for FM003 at an 
anode power of 200 W and flow mode 2 (Fig. 10). 
The scan demonstrates an increase of thrust for 
increasing magnetic field. The measured thrust 
plateaus at high electromagnet current due to the 
saturation of the iron cores of electromagnets. 
The general performance trends of both the units 
are in agreement with those presented by Knoll et 
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al. [1] for a 200 W QCT laboratory model with similar 
characteristics of the devices used in this study. In 
particular, measurements from [1] were taken in the 
Daedalus facility at SSC therefore under the same 
pressure conditions than FM001 characterization. 
Comparison between metrics on FM001 and former 
data shows an agreement within 10%.  
 
 
Figure 10. Thrust as function of electromagnet 
current for QCT-FM003 tested in Pegasus chamber 
at an anode power level of 200W and operational 
flow mode 2.  
Ion current measurements are performed using the 
Faraday probe during the experimental 
characterization of QCT-FM003 in Pegasus. The 
probe is mounted in a fix position on the thruster 
channel centerline, 47 cm downstream the exit 
plane.   
Fig.11 illustrates the ion current density for different 
combinations of ion and cathode flows at the 
nominal power level of 200 W. 
 
 
Figure 11. Ion current density for different 
combinations of anode and cathode mass flow 
rates. 
At a given anode mass flow, the current decreases 
for higher flows through the cathode. The main 
cause is, again, the background neutral gas which 
has a strong influence on charge exchange 
collisions. This type of interaction results in 
producing slow ions and fast neutrals in the plasma 
plume and affects the measured ion current density.  
Finally, ion current increases for higher anode 
power and anode flow rates as shown in Fig. 11 and 
12.
 
 
Figure 12. Ion current density as a function of anode 
power for two different flow modes. 
The test campaigns carried out at the Surrey Space 
Centre demonstrate the impact of facility effects on 
the thruster operating condition and performance. 
Two identical thrust balances are used in two 
vacuum chambers operating in different pressure 
ranges to assess the influence of the background 
pressure on the measured performance. A third test 
campaign is carried out in a third facility at the ESA 
Propulsion Laboratory to gather additional 
information and approach an accurate estimation of 
the thruster performance in space-like conditions. 
 
3. EPL TEST CAMPAIGN 
 
3.1 Test Facility 
 
The inter-laboratory activities comprise the testing 
of FM003 unit at the ESA Propulsion Laboratory [6]. 
The tests are performed in a 1.4 m long, 1.1 m 
diameter hatch attached via a 0.8 m diameter gate 
valve to the 5 m long 2 m diameter CORONA 
chamber. The facility is equipped with a system of 
primary, turbomolecular, and cryogenic pumps. For 
these tests, the pumping speeds in the hatch and 
CORONA are approximately 15000 and 28500 l/s, 
respectively. Not all pumps available for CORONA 
facility are used during this test campaign. Ground 
facility conditions are reported in the table below. 
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Thruster 
unit 
Test Facility Background pressure 
for operating mass 
flow range 
FM003 Corona 2-4e-5 Torr 
Table 3. Thruster and facility used during EPL  test 
campaign. 
 
3.2 Thrust balance 
 
Thrust measurements are performed using the Alta 
1-axis optical thrust stand. The device presents a 
pendulum configuration with flexible blades. Optical 
strain gauges are installed on the blades for 
measuring the strain correlated to the applied force.   
The calibration is carried out by pushing a load cell 
against the thruster. The cell is displaced by means 
of a translation stage equipped with a micrometric 
screw in order to determine the correlation between 
load cell force and strain gauges deformation. The 
balance is designed for thrust measurements in the 
range 1-500 mN with best practice uncertainty of 2 
mN. 
 
3.3 Thruster performance measurement 
 
Tests at EPL involve a preliminary survey of the 
thruster operating parameters. Thruster I-V 
characteristic for flow mode 4 is shown in Fig. 13 
together with that obtained in Daedalus chamber at 
SSC. Background pressure at EPL is around 4e-5 
Torr, whereas at SSC is within the low 1e-4 Torr 
range. The results identify a strong difference of the 
thruster operational modes in the two chambers due 
to the different background pressure. As expected, 
a lower background pressure entails a higher anode 
voltage and lower current for a given anode power 
level. Moreover, the effect of having a floating or 
facility-grounded thruster return has been explored. 
Anode voltage for a given power additionally 
increases in case of floating thruster return 
configuration (not shown). 
 
Fig. 14 illustrates the measured thrust for flow mode 
4 and different anode power levels. In general, 
thrust values obtained at EPL are lower than those 
observed at SSC. At the nominal power condition 
thrust is about 3 mN, giving a total specific impulse 
of 260 s. 
 
Additional testing is planned to gather additional 
data under different operating conditions and 
provide a final assessment on the QCT 
performance through the inter-laboratory 
comparison. 
 
The results demonstrate again the relevance of 
understanding the facility effects, defining standard 
procedures for electric propulsion testing, standard 
conditions for the space-simulation chambers and 
uncertainty evaluation methods. 
 
 
 
 
Figure 13.  Operating voltage and current for the two 
QCTs tested at SSC and EPL.  
 
 
Figure 14.  Thrust as a function of anode power for 
QCTs tested at SSC and EPL. 
 
 
4. CONCLUSIONS 
 
The test campaigns performed in this program 
demonstrate the significant effect of ground test 
facilities on the measured thruster performance. 
Quad Confinement Thruster units have been tested 
under variable background pressure conditions in 
three different vacuum chambers, two at the Surrey 
Space Center and one at the ESA Propulsion 
Laboratory. Measurements show a strong influence 
of the background pressure on the thruster 
operating parameters and, as a consequence, on its 
propulsive figures of merit. Further testing is 
planned in the next months to perform an accurate 
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characterization of the QCT performance under the 
proper facility conditions and following procedures, 
guidelines and uncertainty analysis identified during 
this project. 
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